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I .  Introduction 

A ser i e5 ctf math ema t i ca 1 mode 1 5. has tteen dev e 1 oped that 
describe the electrical behavior o f  a large solar cell array 
floating electrically i n  the LEO space plasma and struck try an 
arc at a point of negative bias (refs. 1-3). There are now three 
models in this series: ARCII, which is a fully analytical, 
linearized model; ARCIII, which is an extension of ARCIII that 
includes solar cell inductance as well as load reactance; Non- 
linear ARC, which is a numerical model able to treat effects such 

characteristics, conductance switching a.5 a solar cel 1 crosses 
plasma ground on a uol tage excursion and nun-ohmic plasma 1 eakage 
current collection. 

as non-1 inearized, i .e. , logarithmic solar cel 1 I /'J 

The ARCII model was developed in 1983-84 when the P.I. WBE. a. 
Visiting Scientist at NASA-Lewis. A grant, NAG 3-576, was awarded 
i n  the fall 0.F 1984 f o r  work in the summer o f  1985 to enhance the 
ARCII model and to begin treatment of the non-linearities of the 
arc/array model ing probl ern. This work produced the ARC1 I I model 
and the Non-linear ARC model. I n  the fall of 1985, NAG3-576  was 
continued with the goal of improving the Non-linear ARC model 
during the summer of 1986. The report presented here covers 
improvements made during summer 1986 and January, 1'337. 

1 1 .  Work Proposed and Accomplished in 1P86 under NAG 3-576 

0 

0 

0 

11 Proposed: "Write the model programs in a compiled c~mputer 
language such as FORTRAN 77, PASCAL, or C so as to speed u p  
ex ec u t i on . I' 
Accamp 1 i shed: The programs comprising the Non-1 i near ARC model 
were first converted from MBkSIC t o  CBASIC. Execution was 
maintained ctn the Kaypro computer. A1 though this reprogramming 
wa5 done in order to take advantage o f  the increased speed 
thought to be available in CBASIC, which is a compiled rather 
than an interpreted language, processing time actually increased. 
CBASIC carries 14 decimal digits for floating point numbers while 
MBASIC carries only 8. Apparently t h e  extra digits carried by 
CBASIC more than offset any speed gains made by the compilation 
process in CBASIC. As a next step, the programs were converted to 
FORTRAN 77 for execution on Colby's UAX 8200 computer. This was 
entirely satisfactory and run times were ul timately reduced f r o m  
one day (Kaypro1 to several minutes ( V A X ) .  

21 Proposed: "Imprclve the convergence algctri thms t o  permit 
sol u t  i oris of i ncreasi nq non-1 i near i tr. Th i 5. wclu 1 d i rtc 1 ude, 
particularly, solt~tions with many back-biased cel Is." 

kccompl i shed: Converqence was improved i n several w a y s :  

a> A hrbred of Newton's method and divide-by-2 search algorithms 
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w a s  adopted bo th  f o r  U- and f o r  I-, t h e  two parameters t h a t  must 
he determined i n  o rder  t o  ach ieve  a s o l u t i o n  t o  t h e  c i r c u i t  
equa t ions  of t h e  model at  any p o i n t  i n  t ime.  

h) Look-ahead a l g o r i  thms based on 1 east -squares pro.jec t io r rs  over 
t h e  las t  f o u r  t ime  s t e p s  were developed f o r  U-, I$+ and I-. 

c )  Major  p a r t i o n s  o f  t h e  c a l c u l a t i o n s  were coded i n  douhle- 
p r  ec i s i  on v a r  iab l  es  . 
d) A h i e r a r c h y  of imbedded p r i n t  d i a g n o s t i c s  w a s  programmed so 
t h a t  d i v e r g e n t  r u n s  c o u l d  be ana lysed when they occured w i t h o u t  
bu rden ing  convergent r u n s  w i t h  unnecessary I / O .  T h i s  speeded 
execu t ion .  

The s t a t e  of conuergence o f  model r u n s  i s  now s u f f i c i e n t  t o  
p e r m i t  s o l u t i o n s  r o u t i n e l y  showing 10% back-b ias o f  t he  .array. A 
few r u n s  have been made w i t h  more than 50% hack-b ias o f  t he  array 
a t  some t ime  p o i n t s .  A l so ,  t h e  double p r e c i s i o n  a n a l y s i s  has 
l a r g e l y  remoued the  numerical o s c i l l a t i o n s  o f  t he  t r a n s i e n t  
s o l u t i o n s  f o r m e r l y  found on t h e  r e l a x a t i o n  s i d e  o f  t r a n s i e n t  
peaks i n  some runs .  

3) Proposed: " I n v e s t i g a t e  non-ohmic plasma c u r r e n t  co l  l e c t i o n ,  
e.g., f r a c t i o n a l  power-law dependence on v o l t a g e  as i n  non- 
s p e r i c a l  Langmuir Probe c o l l e c t i o n  or ' f l ash -ove r '  c o l l e c t i o n . "  

Accomplished: Model r u n s  were made w i t h  plasma c u r r e n t s  o f  t h e  
form: I = AJt,(l+eU/kT>p. Th is  c o l l e c t i o n  fo rmu la  w a s  a p p l i e d  t o  
h o t h  t h e  e l e c t r o n s  and i o n s  w i t h  T, = 2T, = .2 B . V .  and p = 0.5, 
1, o r  1.2. Runs w i t h  a " f l ash -ouer "  c o l l e c t i o n  f u n c t i o n  were n o t  
done f o r  l a c k  of t ime  a l though such f u n c t i o n s  shou ld  he t r e a t a h i e  
by  t h e  model. 

4) Proposed: "Make s u f f i c i e n t  runs  o f  the  numer ica l  model t o  
span t h e  parameter spaces o f  i n t e r e s t  and present  the  r e s u l t s  o f  
these r u n s  i n  conc ise ,  g raph ica l  form." 

Accomplished: More than 200 r u n s  o f  t h e  Non- l inear  ARC model 
have been made. Some o f  t he  r e s u l t s  o f  t h e  r u n s  a r e  presented  i n  
F i g u r e s  0 - 10 and Tab les  1 - 4. Runs have been made f o r  a l l  9 
p a i r s  o f  plasma c o l l e c t i o n  exponents, p ,  desc r ibed  above; f o r  
plasma capac i tances  C, = 1, 10 and 20 p f :  f o r  f a l l - t i m e  
c o n s t a n t s ,  T = 10 ,  50 ,  100 and 1000 microseconds; and f o r  arc 
c u r r e n t  amp l i t udes ,  I ,  = 10-250 amps. 

A Hewlet t -Packard Model 747564 computer d r i v e n  p l o t t e r  and 
so f tware  were purchased w i t h  g r a n t  funds and used t o  produce 
gr  h i C ir 1 oU t p U t . 
5 )  PPoposed: "Use the  exper ience ga ined w i  t h  the  expanded 
l i n e a r  model t o  i n c o r p o r a t e ,  inso-far as p o s s i b l e ,  s o l a r  panel 
s e l  f -i nduc tance and/or 1 oad reac tance i n  t h e  numer i ca l  model 'I 
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Accompl ished: Solar panel self-inductance was included in the 
model in the form of an inductance placed in series with each 
solar cell. This inductance represents the cel 1’s magnetic 
interactions with currents flowing in nearby chains of cells. 
Thus each solar cel 1 is modeled as a non-1 inear resistance ( i  .e. 
logarithmic I/U characteristic> in series with an inductance and 
shunted by an inter-electrode capacitance. In addition, each cell 
has a capacitance to plasma ground in parallel with a conductance 
to plasma ground that is uoltage-dependent. Runs in which the 
solar cell interelectrode capacitances and/or the cell series 
inductances are sei to z e r o  and model outputs compared to those 
using non-zero values to see if the parameters are important 
components of the model were not done for lack of time. These 
r u n s  are planned for the near future. 

The goal of including load reactance in Ncm-linear ARC was 
abandoned when i t  was realized how badly such a modification 
would affect the already difficult constraint equations, 
particularly the constraint that the instantaneous terminal 
voltage must equal the current through the load times the load 
impedance. The non-linearities o f  the various parts of the model 
conspire to make convergence unstable in even the resistive load 
impedance case for some runs that push the model to its limits. 
If further development is desired along this direction, new time 
resources will have to be applied to i t .  

In addition to the aboue proposals, which were made as part 
of the grant continuation appl ication submitted in 1985, two 
other tasks were suggested by Drs. Snyder and Puruis when the 
P.I. visited NASA-Lewis prior to work in the summer o f  1986. 
These were (a) to use the ARCIII extended analytical model to 
investigate the response to a given arc as the tuned frequency of 
the reactive load is varied and (tl> to use the ARC11 and/or 
ARCIII models to investigate response to a giuen arc as the 
operating point of array is varied from 80% to 100% of maximum 
power. Both of these studies were accompl ished. The results wil 1 
be described below. Bishwa Basnet, a student assistant who was 
hired using grant funds? made the necessary computer runs for 
these studies. 

d 
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111. Discussion of Results of Runs using the Non-linear ARC Model 

All model r u n s  reported here assume solar cells whose I / t J  
characteristic curve is given by: U = Axln(I-B)+C where A = 40mv, 
B = 132.3 ma and C = 355 mu. This is the characteristic of a 
2cmx2cm silicon solar cell under full solar illumination. With 
the exception o f  runs reported in Tables 1 - 4, all runs assume 
plasma collection current powers, p = 1 ,  f o r  both electrons and 
ions. Thus, the spherical Langmuir Probe collection model has 
been assumed f o r  both species for these runs. Runs with .a 5 e.u. 
atomic oxygen ram collection for ions have been made as well as 
r u n s  with fully thermal plasmas and p < >  1 f o r  both ions and 
electrons. These are reported in Tables 1 - 4. 

The t=O or quiescent solutions o f  the model equations 
describe a 1000x1500 solar cell array that, in the absence of 
plasma interactions, makes 82KW of power at 450U at maximum 
(subsequently referred to a5 100% power) or  66KW at 5 0 W  when 
operated at 80% of maximum on the high-voltage side (subsequently 
referred to as 80% power). The array consists of chains of cells 
that are wired in parallel. In this arrangement, the symmetry o f  
the circuit permits one to focus on a single chain of cells that 
drives a load equal to the array load resistance times the number 
of chains, m. A s  indicated above rn = 1500 f.or the r u n s  reported. 

A load resistance is placed across the model array of the 
required. magnitude to achieve quiescent operation at a chosen 
point in the absence o f  plasma. Plasma interactions change the 
operating points of the solar cells and cause the array to lose 
power to the plasma. The t=O or  quiescent runs of the model 
calculate the power made in the presence of plasma, the power 
lost to the plasma and the power del ivered to the load and checks 
that these are in agreement with each other. Tables 1 - 4 
summarize the results of t = O  r u n 5  made using different plasma 
collection assumptions. I n  a1 1 cases except those assuming ram 
collection, a thermal plasma with electron and ion densities o f  
5 x 104/cc and T, = 2Ti = .2 e.v, is assumed. In ram cases, 
thermal electrons with T, = .2 e.u, and ram ions with 5 e.v. of 
kinetic energy are assumed. 

The quiescent array floats electrically in the plasma. 
Electrical equilibrium with the plasma is achieved using the 
requirement that the net plasma current collected by the array be 
zero. Different electron and ion collection models cause the 
array to float with different numbers of solar cells above plasma 
ground i n  uol tage. A parameter, the "floating fraction", measures 
the number of cells above ground divided by the total number of 
cells in the array. The range floatinq fractions is 0 - 25% for 
r u n s  reported here. 

At t = 0 the negative terminal of the array is assumed to 
be the site of an arc consisting of the ejection of electrons 
from the terminal. This point of arcing permits the srmmetrr CI+ 
the quiescent solutions, i n  which all chains behave equally, to 
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car ry -over  t o  the  t ime dependent s o l u t i o n s .  The a r c  i s  imagined 
t o  have the  form I ( t >  = I,(exp(t/T)-exp(tK/T>), where T i s  t he  
f a l l - t i m e  cons tan t  and K i s  a m u l t i p l i e r ,  a l w a y s  s e t  t o  5 i n  t he  
r u n s  r e p o r t e d  here.  F i g u r e  0 shows the  t ime dependences o f  two 
t y p i c a l  a r c s .  I ( t ) ,  used t o  d r i u e  the  model. The a r c s  shown 
d i f f e r  o n l y  i n  ampl i tude,  I,. I n  response t o  the  a r c ,  t he  model 
array undergoes a common-mode pos i  t i v e  vo l  tage swing a s s o c i a t e d  
w i t h  the  cha rg ing  o f  t he  array-to-plasma capac i tances  and a l s o  a 
d i f f e r e n t i a l  mode, n e g a t i v e  t r a n s i e n t  o f  t he  vo l  tage ac ross  t h e  
load.  The maximum o f  t h e  load t r a n s i e n t  i s  denoted UTmax i n  t h e  
f i g u r e s .  Because a l l  the  UTmax a r e  nega t i ve ,  1UTmax1 va lues  a r e  
p l o t t e d .  

Dur ing  t h e  t r a n s i e n t  hehav io r  o f  the  array a f t e r  the  a r c  
begins,  t he  r e a c t i v e  elements of t he  c i r c u i t ,  which can be 
i gno red  i n  t h e  quiescent  s o l u t i o n s ,  come i n t o  p l a y .  A l l  r u n s  
r e p o r t e d  have used the  v a l u e  .02 m i c r o f a r a d  f o r  t he  
i n t e r e l e c t r o d e  capac i tance shunt ing  each s o l a r  ce l  1 and the  value 
0.01 mic rohenry  f o r  the  s e r i e s  induc tance o f  each c e l l .  The solar 
ce l l - t o -p lasma capaci tances,  Cp, a r e  the  same f o r  a l l  solar c e l l s  
i n  t h e  array and va lues  o f  1, 10 o r  20 p i c o f a r a d s  have been used. 

F i g u r e  1 shows the  r e s u l t s  o f  a s i n g l e  r u n  o f  t he  model w i t h  
an a r c  h a v i n g  I, = 100 amps, T = 10 microseconds, C, = I O p f  and p 
= 1 f o r  bo th  e l e c t r o n s  and i o n s .  The quiescent  o p e r a t i n g  p o i n t  o f  
t he  array i s  80% power on the  h i g h  v o l t a g e  s i d e .  UT i s  the  
t r a n s i e n t  ac ross  t h e  load, U+ i s  the  t r a n s i e n t  o f  t he  p o s i t i v e  
te rm ina l  o f  t he  array and U- i s  the  t r a n s i e n t  o f  t he  n e g a t i v e  
te rm ina l  o f  t he  array. The a r c  used i n  t h i s  r u n  i s  no t  
s u f f i c i e n t l y  l a r g e  t h a t  c e l l s  become back-biased a t  any t ime.  One 
can see t h a t  t he  l o a d  t r a n s i e n t ,  UT, has a maximum o f  only about 
20U ( n e g a t i v e )  and t h a t  i t  r i s e s  and f a l l s  on a t ime s c a l e  
comparable w i t h  t h a t  o f  the  d r i v i n g  a r c ,  which i s  g i ven  b y  t he  
s o l i d  l i n e  i n  F i g u r e  0. The t r a n s i e n t s  f o r  U+ and U- a r e  also 
smal l  b u t  they l as t  cons iderab ly  l m q e r .  I n  f a i t ,  they have no t  
r e l a x e d  t o  zerb  out  as far a5 t = 5T. Longer r u n s  made w i t h  t h e  
model show t h a t  r e l a x a t i o n  of  a l l  t r a n s i e n t s  tca ze ro  u l  t i m a t e 1 ; v  
takes p l a c e  as i t  should.  

F i g u r e  2 shows the  respdnse o f  the  same model array t o  a 
l a r g e r  a r c ,  g iven  by the  d o t t e d  l i n e  i n  F i g u r e  0. Again the  a r c  
i s  n o t  s u f f i c i e n t  t o  cause back-b ias ing o f  c e l l s .  One can see 
t h a t  t he  t r a n s i e n t  response i s  g r e a t e r  f o r  t he  l a r g e r  a r c ,  as one 
would expec t .  F i g u r e s  3 eC 4 show the  response t o  t h e  f.ame two 
a r c s  used i n  F i g u r e s  1 8c 2 but w i t h  the  quiescent  o p e r a t i n g  p o i n t  
s h i f t e d  t o  100% power. For each a r c ,  t he  t r a n s i e n t s  a t  100% pclwer 
a r e  l a r g e r  than those f o r  80% power. T h i s  i s  p r i m a r i l r  due t o  two 
e f f e c t s .  A t  100% power the  pa ra l  l e 1  cctmbinaticm o f  the  i n t e r n a l  
drnamic r e s i s t a n c e  o f  the  a r r a y  w i t h  the  l o a d  r e s i s t a n c e  i s  
g r e a t e r  than the  p a r a l  1 e l  comttinatictn C I ~  these res is . tance5 a t  80% 
pobJer. To a good approx imat ion,  a t  low a r c  c u r r e n t  UT i s  gil.?en b y  
t he  produc t  of tt-lese paral le1 r e s i s t a n c e s  and the  a r c  currerr t . 
Thus, t h e  g r e a t e r  the  p a r a l l e l  r e s i s t a n c e  t h e  g r e a t e r  t he  values 
o f  UT f o r  t he  ~ a m e  a r c .  I n  add i t i c ln  the  a r c 5  used i n  F i g u r e s  3 & 
4 a r e  l a r g e  enough t o  cause back b i a s i n g  o f  some c e l l s  (8i; o f  
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a l l  C e l l s  i n  F i g u r e  3 and 13% i n  F i g u r e  41. Back-b ias ing i c ,  
ev idence t h a t  t h e  c e l l s  have been pushed w e l l  i n t o  t h e i r  nor!- 
1 i n e a r  o p e r a t i n g  regimes f a r  f rom t h e i r  qu iescent  o p e r a t i n g  
p o i n t s  and near t o  t h e i r  s h o r t - c i r c u i t - c u r r e n t  p o i n t s .  Sharp ly  
inc reased l o a d  t r a n s i e n t s  a re  the  r e s u l t  o f  o p e r a t i o n  i n  t h i s  
non- l inear  r e g i o n  because o+ t he  ve ry  h i g h  e f f e c t i v e  dynamic 
r e s i s t a n c e s  o f  t h e  c e l  1 s there.  

Wi thout  back-b ias ing  the above para1 l e 1  r e s i s t a n c e  model 
p r e d i c t s  t h a t ,  f o r  t h e  same a r c ,  t h e  r a t i o  o f  l o a d  t r a n s i e n t  
m a x i m a  shou ld  go r o u q l y  a5 the r a t i o  o f  p a r a l l e l  combinat ions o f  
array i n t e r n a l  and array load r e s i s t a n c e s  c a l c u l a t e d  at  the  80% 
and 100% o p e r a t i n g  p o i n t s .  T h i s  r a t i o  o f  p a r a l l e l  r e s i s t a n c e s  i s  
2.44 f o r  r u n s  shown i n  F igures  1-4. One can see t h a t  t he  r a t i o  o f  
UTmax's f o r  t h e  100 A a r c  as shown i n  F i g u r e s  1 & 3 i s  about 3.5 
and t h a t  o f  t h e  UTmax's f o r  the 150 A a r c  as shown i n  F i g u r e s  2 
eC 4 i s  at lout t h e  same. Thus the t r a n s i e n t s  i n  F i g u r e s  3 4 .are 
l a r g e r  than those t o  be expected f rom t h e  p a r a l l e l  r e s i s t a n c e  
model a lone,  i .e., f rom quiescent  o p e r a t i n g  p o i n t  dynamic 
r e s i s t a n c e  d i f f e r e n c e s .  The e x t r a  v o l t a g e  swings a r e  due t o  back- 
b i a s i n g  o f  s o l a r  c e l l s .  

F i g u r e s  5 - 10 show m a x i m a  f o r  l o a d  t r a n s i e n t s ,  UTmax, 
as a f u n c t i o n  o f  I o  f o r  f o u r  d i f f e r e n t  va lues  o f  t he  f a l l - t i m e  
cons tan t ,  T, f o r  t h r e e  d i f f e r e n t  va lues  o f  t h e  s o l a r  c e l l - t o -  
plasma capac i tance,  C, and f o r  e i t h e r  80% or 100% power. F i g u r e s  
5 - 7 show 80% power r e s u l t s  and F i g u r e s  8 - 1 0  show 100% power 
runs .  I n  each f i g u r e ,  runs have been made w i t h  s u f f i c i e n t l y  
l a r g e  va lues  o f  I, t o  cause some, and sometimes many, s o l a r  c e l l s  
t o  be back-biased a t  some p o i n t  i n  t ime d u r i n g  the  t r a n s i e n t .  The 
numbers i n  b r a c k e t s  bes ide  the va lues  o f  T i n  each S igu re  show 
the  maximum number of back- b iased c e l l s  i n  a s i n g l e  cha in  ( o u t  
of 1000> t h a t  occur red  i n  runs w i t h  t h e  g r e a t e s t  va lues  o t  I, 
shown. Runs a t  low va lues  o f  I, i n v o l v e  no back-b ias ing  and r u n s  
a t  i n t e r m e d i a t e  va lues  i n v o l v e  same back-b ias ing  hu t  less. than 
t h e  m a x i m a  .shown i n  b racke ts .  

A l i n e a r  model, such as ARC 1 1 ,  has t h e  f e a t u r e  t h a t  t h e  
s o l u t i o n s  f o r  v o l t a g e  t r a n s i e n t s  due t o  a r c s  o f  t h e  k i n d  assumed 
he re  a r e  p r o p o r t i o n a l  t o  the  a rc  ampl i tude,  I,. Thus, p l o t s  o f  
IUTmaxl v s  I, f o r  such models show s t r a i g h t - l i n e  dependence c ~ f  
IUTmaxl on I,. One can see i n  F i g u r e s  5 - 7 t h a t  UTmax i s  no t  a 
l i n e a r  f u n c t i o n  o f  Io. Indeed, i f  a s t r a i g h t  l i n e  i s  f i t t e d  t c l  
t he  f i r s t  few p o i n t s ,  i n c l u d i n g  zero ,  o f  t h e  da ta  f a r  each 
curve ,  data p o i n t s  a t  higher va lues  o f  I ,  f a l l  fa r  above t h e  
l i n e .  T h i s  i s  f u r t h e r  evidence t h a t  t h e  n o n - l i n e a r i t i e s  of t h e  
s o l a r  c e l l s  and/or t h e  plasma i n t e r a c t i o n s  a r e  a t  p l a y  f a r  these 
run5.  

F i  gur es E - 7 r e f e r  t o  runs. made a t  80% pcwer , One c.hou 1 d 
n o t i c e  t h a t  at  t h i s  power, where the  qu iescent  o p e r a t i n g  p o i n t s  
o f  t he  s c ~ l a r  c e l  1s a r e  fa r  frcam the  non-1 i nea r  r e g i o n ,  

cause q u i t e  s u f S i c i e n t l y  l a r g e  a r c  c u r r e n t s  can s t i l l  
d ramat i ca l  l y  l a r g e  l o a d  t r a n s i e n t s .  The maximum a r c  c u r r e n t s  
shown a r e  s u f f i c i e n t  t o  d r i v e  some c e l  1 s f rom t h e i r  80% power 



o p e r a t i n g  p o i n t s  i n t o  t h e i r  non-1 i nea r  r e g i o n s  and back-h'ias 
them. 

The common-mode t r a n s i e n t s  f o r  t he  r u n s  shown i n  F i g u r e s  5 - 
7 a r e  n o t  g iuen.  They can be q u i t e  l a r g e .  T h e i r  general  behavior  
i s  t h e  same as t h a t  shown i n  F i g u r e s  1 - 4, i .e . ,  p o s i t i v e  
v o l t a g e  excu rs ions  o f  bo th  te rm ina ls  w i t h  a r e l a x a t i o n  t o  ze ro  a t  
t imes g e n e r a l l y  l o n g  compared t o  t h e  a r c  f a l l - t i m e  cons tan t ,  T. 
When T = 1 ms ,  however, the o the r  t ime cons tan ts  o f  t he  array 
c i r c u i t  a r e  so much sma l le r  than T t h a t  t he  t r a n s i e n t  responses 
t o  an a r c  a r e  g i ven  approx imate ly  by i g n o r i n g  a l l  reactances.  I n  
t h i s  case a l l  t he  t r a n s i e n t s  f o l l o w  t h e  a r c  c u r r e n t  i n  t ime. 
F i g u r e s  5 - 7 a l s o  show t h a t  f o r  a g i ven  a r c  c u r r e n t  amp l i t ude  
VTmax depends on T. U s u a l l y  UTmax inc reases  w i t h  T f o r  the  same 
1 - 9  a l t h o u g h  n o t  a lways .  Th is  dependence i s  n o t  understood and 
needs more s tudy .  

F i g u r e s  8 - 10 show r e s u l t s  f o r  r u n s  made w i t h  an array 
o p e r a t i n g  a t  100% power. One sees i n  these f i g u r e s  t h a t  the  
v a l u e s  o f  I, needed t o  produce back-b ias ing  a r e  sma l le r  than they 
a r e  a t  80% power, as expected. The 100% power o p e r a t i n g  p o i n t s  
have h i g h e r  dynamic r e s i s t a n c e s  and a r e  c l o s e r  t o  the  non- l inear  
r e g i o n  o f  t h e  s o l a r  c e l l  I / V  c h a r a c t e r i s t i c  than a r e  the  80% 
power o p e r a t i n g  p o i n t s .  Thus a sma l le r  a r c  c u r r e n t  can cause a 
s u b s t a n t i a l  l o a d  t r a n s i e n t  and can moue t h e  c e l l s  i n t o  the  non- 
l i n e a r  r e g i o n .  One a l s o  n o t i c e s  i n  these f i g u r e s  t h a t  the  curves  
f o r  g i v e n  va lues  o f  T and o f  C, a r e  more n e a r l y  l i n e a r  than those 
i n  F i g u r e s  5 - 7. T h i s  is proba&ly  the  r e s u l t  o f  l i m i t i n g  the  
v a l u e s  o f  I, i n  most o f  these r u n s  t o  those n o t  p roduc ing  h i g h  
numbers of back b iased  c e l l s ,  t hus  g e n e r a t i n g  l i t t l e  non- 
l i n e a r i t y .  However, t h e r e  are  some i n c o n s i s t a n c i e s .  I n  F i g u r e  8,  
f o r  example, t he  curve  f o r  T = 50 microseconds i s  much more non- 
l i n e a r  than t h a t  f o r  T = 100 microseconds y e t  t he  l a t t e r  curve  
te rm ina tes  i n  a r u n  hav ing  22% h a c k - h i a s  a t  some p o i n t  w h i l e  the  
former te rm ina tes  i n  a r u n  hav ing o n l y  15% back-bias.  

F i g u r e s  8 & 9 show behavior i n  which VTmax/I, - 1 ohm. T h i s  
i s  w i t h i n  20% o f  the  p a r a l l e l  combinat ion o f  array i n t e r n a l  
r e s i s t a n c e  a t  100% power and the  l o a d  r e s i s t a n c e .  Thus, f o r  these 
runs ,  t he  l o a d  t r a n s i e n t s  can be thought o f  r o u g h l y  as a r i s i n g  
f rom t h e  a r c  c u r r e n t  f l o w i n g  t h r m g h  t h i s  p a r a l l e l  r e s i s t a n c e ,  as 
suggested aboue. However, F igu re  10 does n o t  show t h i s  behavior  
except f o r  t he  T = 1 m s  case. By comparison, a t  80% power as 
shown i n  F i g u r e s  5 - 7, the  p a r a l l e l  combinat ion o f  r e s i s t a n c e s  
i s  about  .5 ohm. One can see i n  these f i g u r e s  t h a t ,  a t  l e a s t  for 
low t o  i n t e r m e d i a t e  va lues o f  I-, UTmax i s  a l s o  g iven ve ry  
r o u g h l y  by t h i s  p a r a l l e l  r e s i s t a n c e  t imes I,. Thus, t h e  r u l e - o f -  
thumh t h a t  VTmax = I, x (array i n t e r n a l  r e s i s t a n c e  i n  p a r a l l e l  
w i t h  the  lctad r e s i s t a n c e )  15 a u s e f u l  one i n  t h e  attc.ence ct$ 
s t r o n g  hack -hi as i  ng  . 

Tat t les 1 - 4 show the  r e s u l t s  o f  72 runs  i n  which d i f f e r e n t  
p l a s m a  c o l  l e c t i o n  assumptions were made w i t h i n  the  power-law 
model desc r ibed  ahove. Runs were made a t  each ctf t h r e e  va lue  o f  p 
f o r  each spec ies .  These values o f  p m a y  be i n t e r p r e t e d  r o u g h l y  a s  
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f o l l o w s :  p = . 5  models a c y l i n d r i c a l  Langmuir probe, p = 1 models 
a s p h e r i c a l  Langmuir probe and p = 1.2 i s  the  l a r g e s t  va lue  o f  p 
f o r  which convergent s o l u t i o n s  c o u l d  be produced, even u s i n g  
double p r e c i s i o n  v a r i a b l e s .  I n  each o f  the  r u n s  l i s t e d ,  a f t e r  t he  
t=0 s o l u t i o n  w a s  found, the  t r a n s i e n t  behav io r  w a s  c a l c u l a t e d  i n  
response t o  an a r c  hav ing  I, = 50 A ,  T = 10 microseconds., C, = 10 
p f ,  K = 5 and the  usual  values o f  s o l a r  c e l l  i n t e r e l e c t r o d e  
capac i tance and s e r i e s  inductance. Tab les  1 and 2 l i s t  r u n s  made 
a t  80% power and Tables 3 and 4 r e f e r  t o  r u n s  made a t  100% power. 
Both thermal and r a m  i o n  cases a r e  tabu la ted .  

I n  the  t a b l e s ,  "FF" stands f o r  t h e  " f l o a t i n g  f r a c t i o n " .  
"Pmade" s tands  f o r  t he  power a c t u a l l y  made by the  a r r a y  i n  the  
presence o f  t he  p l a s m a  i n t e r a t i o n s  assumed i n  the  r u n .  " P l o s s "  
s tands  f o r  t he  power l o s t  t o  p l a s m a  leakage c u r r e n t s .  "UTmax" has 
the  usual  d e f i n i t i o n  as the  maximum o f  t he  l o a d  t r a n s i e n t  i n  a 
r u n  and "BBCmax" i s  the max imum number o f  back-biased c e l l s  seen 
i n  a r u n .  

The t a b l e s  pe rm i t  several o v e r a l l  obse rva t i ons  t o  be made. 
F i r s t ,  f l o a t i n g  f r a c t i o n s  as h i g h  as 50% can occur i f  one uses a 
h i g h  c o l l e c t i o n  power, p ,  f o r  i o n s  and a low power f o r  the  
e l e c t r o n s .  On the  o the r  hand, i f  t h e  e l e c t r o n s  a r e  favored,  t he  
f l o a t i n g  f r a c t i o n  approaches zero .  Second, s i g n i f i c a n t  amounts o f  
power can be l o s t  t o  p l a s m a  i n t e r a c t i o n s .  More than 10% can be 
l o s t  i n  wors t  cases where h igh va lues  o f  p a r e  used f o r  Lo th  i o n s  
and e l e c t r o n s .  T h i r d ,  and most s t r i k i n g ,  a t  a g iven qu iescent  
power l e v e l  , the  l o a d  t r a n s i e n t  m a x i m a  t h a t  a r e  produced by the  
same a r c  a r e  almost t o t a l l y  independent o f  the  plasma c o l l e c t i o n  
assumptions and the  f l o a t i n g  f r a c t i o n s .  I t  i s  as thciugh the  
plasma i n t e r a c t i o n s  serve  on ly  t o  e s t a b l i s h  the  f l o a t i n g  s t a t e  o f  
t he  array. The a r c  then d r i v e s  the  l o a d  t r a n s i e n t  acco rd ing  tc l  
i n t e r n a l  impedances of t he  a r r a y  and the  l o a d  and w i t h o u t  r e g a r d  
t o  t h e  p l a s m a  i n t e r a c t i o n s .  C l e a r l y ,  t h i s  behavior  cannot a l s o  be 
t r u e  f o r  t he  common-mode t r a n s i e n t s  s i n c e  they depend c1r1 C p ,  t he  
c a l  l - to-p lasma capaci tance.  

I O .  D i scuss ion  o f  R e s u l t s  Using the  ARC I 1 1  Model 

About the  beg inn ing  o f  summer, 1986, a d e c i s i o n  was. 
announced t h a t  the  A . C .  power system o f  the  proposed Space 
S t a t i o n  i s  t o  be operated a t  a f requency o+ 20 Khz. Thus, t he  
work t h a t  t he  P . I .  r e p o r t e d  i n  January, 1986 c o v e r i n g  the  
development and use o f  t h e  ARC I 1 1  a n a l y t i c a l  model tct s tudy  the  
e f f e c t s  of n e g a t i v e  a r c  t r a n s i e n t s  on a model s o l a r  c e l l  a r ray 
d r i v i n g  a 400 hz r e a c t i v e  load nct longer  r e l e ~ i a n t  .For the  Space 
S t a t i o n .  Acco rd ing l y ,  the  P . I .  was asked t o  make some new r u n s  o f  
ARC I I I u s i n g  20 Khz as t he  tuned f requency.  Th i  5. U . J ~ S .  dctne d u r i n g  
the  summer of 198.5, The r e s u l t s  o f  these rlJr1.s a r e  SUlTirTia.I-.iiFd i n  
F i g u r e s  1 1  - 14. 

The ARC I 1 1  model i s  an extensicm ci f  the  ARC I 1  a n a l y t i c a l  
model i n  which the  r e s i s t i v e  l o a d  o f  ARC I 1  i5 .  r ep laced  w i % h  a n  
i n d u c t o r  s e t  i n  = s p i e s  w i th  the  p a r a l l e l  cctmbinaticin o f  a 0 
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r e s i s t o r  and a c a p a c i t o r  so as t o  model t he  i n p u t  s tage o f  a 
s i m p l e  D.C.to A.C. i n v e r t e r .  An inductance i n  s e r i e s  w i t h  each 
s o l a r  c e l l  i s  a l s o  i n c l u d e d  i n  ARC 1 1 1 .  The va lue  o f  t h e  lo.ad 
r e s i s t o r  i s  chosen, as i n  ARC 1 1 ,  tu e s t a b l i s h  D.C. o p e r a t i o n  o+ 
t h e  s o l a r  c e l l  array a t  the d e s i r e d  o p e r a t i n g  p o i n t s  CIS t h e  
c e l l s ,  The va lues  o f  t he  load i n d u c t o r  and c a p a c i t o r  a r e  chosen 
50 t h a t  t h e  l o a d  has resonant o s c i l l a t i o n s  a t  t h e  nominal A . C .  
f requency o f  t h e  i n v e r t e r  be ing modeled by t h e  r e a c t i v e  l o a d  and 
a l s o  t h a t  t h e  energy drawn by t h e  l o a d  per c y c l e  o f  o s c i l l a t i o n  
i 5  a chosen f r a c t i o n  o f  t he  maximum s t o r e d  energy i n  t h e  load.  
For  t h e  r u n s  r e p o r t e d  i n  1986, t h e  l o a d  f requency w a s  s e t  a t  400 
Hz and t h e  energy d r a w  per  c y c l e  a t  2%. The r u n s  o f  ARC I 1 1  
r e p o r t e d  he re  use t h e  same 2% power d r a w  bu t  i n v e r t e r  f requenc ies  
f rom 400 H i  up t o  20  KHz have been used. 

These ARC I 1 1  r u n s  assume t h e  same p l a s m a  as descr ibed ataclve 
f o r  t h e  Nan- l inear  a r c  r u n s .  C o l l e c t i o n  OS e l e c t r o n s  and i o n s  t o  
t h e  s o l a r  c e l l s  f rom t h e  plasma i s  assumed t c l  l e  ohmic, i . e . ,  
t h e  c o l l e c t e d  c u r r e n t  at  each c e l l  i s  assumed t o  be p r o p o r t i o n a l  
tcl t h e  u o l t a q e  o f  a s o l a r  c e l l  i n t e r c o n n e c t .  For in tercc jnnect  
v o l t a g e s  > >  kT, i . e .  a lmost  every where on t h e  array except ve ry  
near plasma ground, t h i s  c o l l e c t i o n  i s  j u s t  t h a t  used i n  the  
Nan-1 i n e a r  model w i t h  p = 1 f o r  bo th  i o n s  and e ec t rons .  

The a n a l y t i c a l  models ARC 1 1  and ARC 1 1 1  a r e  n u t  a b l e  t o  
t r e a t  t h e  plasma i n t e r a c t i o n s  o f  s o l a r  ce  i s  i n d i v i d u a l  l y .  
Rather ,  t h e  plasma c u r r e n t s  ( rep resen ted  by e l e c t r o n  or i c m  
conductances1 and charge s torage ( represented  by capaci  tances l  
ac,sociated w i t h  t h e  s o l a r  c e l l s  a r e  c o l l e c t e d  together  i n  
p a r a l l e l  i n t o  t1.m groups. Each group i s  a r b i t r a r i l y  ass igned to  
e i t h e r  t h e  n e g a t i v e  or t h e  p o s i t i v e  te rmina l  o f  the  arra;)'. T h i s  
t rea tment  g i v e s  es t ima tes  of t h e  upper and lower 1 i m i  t s  t o  t h e  
e f f e c t  clf plasma i n t e r a c t i o n s  on t h e  array d u r i n g  a nega t i ve -b ias  
a r c  t r a n s i e n t .  The "plasma-spl i t "  parameter (PS> d i r e c t s  where 
t h e  plasrria cc~ lduc  tances and capaci tances a r e  p laced.  If a 1  1 t h e  
e lements a r e  grouped at  t h e  nega t i ve  t e r m i n a l ,  PS=0.  If a l l  a r e  
grouped a t  the  p a s i t i v e  te rm ina l ,  PS=l. PS=.S i s  a 50/5Ci s p l i t .  

F i g u r e s  11 and 12 show the  r e s u l t s  o f  run5  o f  ARC I 1 1  i . j ~ i t h  
t h e  l o a d  reac tance tuned f a r  20KHz and t h e  power draw a t  2%. 
The amp1 i t u d e  o f  t he  a r c  d r i v i n g  the  model I o ,  i s  10 amps i n  
each case. Values o f  t h e  p lasma-sp l i t  parameter,  PS, and o f  t h e  
capaci tance-to-plasma o f  each s o l a r  c e l l ,  Cp, a r e  as shown f a r  
each s e t  of data.  The quiescent o p e r a t i n g  p o i n t s  o f  t he  s o l a r  
c e l l s  i s  s e t  a t  e i t h e r  80% power on the  h i g h  v o l t a g e  s i d e .  
(PF=.S:) o r  100% power, <PF=l?. T i s  the  fa1 1- t ime cons tan t  o f  the 
a r c  c u r r e n t .  The a r c  c u r r e n t  m u l t i p l i e r ,  K ,  i s  se t  a t  5. The 
i nduc tance  i n  s e r i e s  w i t h  each c e l l  i s  . 0 1  mic rohenry  a n d  t he  
i n t e r e l  e c t r o d e  c a p a c i  tance i n  p a r a 1  1 e l  i s  .02 mic ro+arad.  UTma::.: 
i S. t h e  maximum of t he  t r a n s i e n t  v o l  tage a c r o s s  1 oad re5.i  s t c t r  
d u r i n g  an arc t h a t  s t r i k e s  t h e  nega t i ve  te rmina l  of t h e  a.rra'i'. 

One ncI t ices severa l  f ea tu res  i n  F i g u r e s  1 1  and 12 
immedia te ly .  F i r s t ,  run5 a t  the  f o u r  d i + f e r e n t  Combinations c1.f 
v a l u e s  of PS and Cp used y i e l d  remarkably s i m i l a r  r e s u l t s .  T h i s  0 
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f e a t u r e  has a l s o  been seen i n  sume run5 o f  t h e  Nan-1 i nea r  model. 
Apparen t l y  t he  l o a d  t r a n s i e n t  i s  r a t h e r  i n s e n s t i v e  t o  the  plasma 
i n t e r a c t i o n s .  The second f e a t u r e  i s  t h a t  IVTmaxl r i s e s  w i t h  T. 
For va lues  o f  T l e s s  than 5 0  microseconds, which i s  t h e  p e r i o d  oS 
t h e  20KHz tuned load,  t h i s  r i s e  makes sen5.e. A s  t h e  a r c  t ime- 
cons tan t  comes i n t o  the  range o f  t he  p e r i o d  of t h e  tuned c i r c u i t ,  
resonance shou ld  occur .  However, f o r  T g r e a t e r  than 50 
microseconds, t h e  va lues  o f  lUTmaxl shou ld  beg in  t o  d i e  o f f .  T h i s  
i s  n o t  seen, p robab ly  because t h e  equat ions  o f  ARC I 1 1  assume 
t h a t  once t h e  a r c  i s  over ,  i .e . ,  i n  a few t imes T, t h e  s t a t e  o f  
t h e  system r e l a x e s  t o  what i t  w a s  b e f o r e  t h e  a r c  s t r u c k .  For a 
l o a d  tuned t o  400 Hz, which has a p e r i o d  o f  2500 microseconds, 
t h i s  i s  a good approx imat ion f o r  va lues  o f  T ou t  t o  100  
microseconds, a t  l e a s t .  However, when the  l o a d  i s  tuned t o  20 
KHz, t h e  approx imat ion  i s  n o t  v a l i d  f o r  f a l l - t i m e  cons tan ts  
g r e a t e r  than a few microseconds. Thus one expec ts  t h a t  r e s u l t s  i n  
these f i g u r e s  cannot be t r u s t e d  much pas t  t = 10 microseconds.. 
One can say o n l y  t h a t  lVTmax: i s  g rea te r  when the  l o a d  p e r i o d  
matches t h e  a r c  t ime-constant than i t  i s  when t h e  l o a d  p e r i o d  i s  
longer  than t h e  a r c  t ime-constant.  A t h i r d  obse rva t i on  i s  t h a t  
t h e  l o a d  t r a n s i e n t s  do no t  show t h e  usual  dependence on s o l a r  
c e l l  o p e r a t i n g  p o i n t .  T h i s  i s  n o t  as y e t  understood. 

F i g u r e s  13 and 14 show r e s u l t s  o f  ARC I 1 1  r u n s  u s i n g  t h e  
same plasma and a r c  parameters as used i n  F i g u r e s  11 and 12. I n  
b o t h  f i g u r e s  Cp = l p f .  F igu re  13 i s  f o r  80% power and F i g u r e  14 
f o r  100% power. The f i g u r e s  show va lues  o f  :VTmax:/T c a l c u l a t e d  
f o r  a r c s  o f  d i f f e r e n t  f a l l - t i m e  cons tan ts ,  T, as a f u n c t i o ' n  o f  
t he  tuned f requency o f  t he  load.  I n  the  f i g u r e s ,  t h e r e  i s  a 
genera l  t r e n d  upward o f  :UTmax:/T w i t h  l o a d  f requency.  The da ta  
f o r  T = 1 microsecond <.001 msec) a r e  good a l l  t h e  w a y  ou t  t o  f = 
20 KHz, i .e. , t h e  approx imat ion ment ioned above i s  v a l i d .  The 
same i s  t r u e  f o r  t he  data at T = 10 microseconds ( . O l m s ) .  The T = 
100 microsecond data a r e  probably  good out  t o  n o  mctre than 10 KHz 
and t h e  lms da ta  ou t  t o  no more than 1 KHz.  

F i g u r e s  13 and 14 a r e  v a l i d  over a s u f f i c i e n t  f requency 
range t o  suggest t h a t  ARC 1 1 1  makes a s t r o n g  p r e d i c t i o n  t h a t  a r c s  
w i t h  T = 1 - 100  microseconds w i l l  produce l a r g e r  t r a n s i e n t s  on 
r e a c t i v e  l oads  tuned t o  20 KHz than tuned t o  400 Hz. Runs o f  ARC 
I 1 1  shown suggest t h a t  f o r  a r c s  w i t h  f a l l - t i m e  ccmstants i n  t h i s  
range, t r a n s i e n t s  ac ross  the l o a d  r e s i s t o r  m a y  be one t o  two 
o r d e r s  of magnitude l a r g e r  a t  20 KHz than they would be a t  400 
Hz. On t h e  o the r  hand, m u l t i p l i c a t i o n  by t h e  a p p r o p r i a t e  va lues  
of T f o r  each data se t  revea ls  t h a t  t he  magnitudes o f  t h e  m a x i m a  
o f  most of t h e  l o a d  t r a n s i e n t s  shown a r e  r e a l  l y  q u i t e  smal 1 , and 
a r e  p roaba ly  n e g l i g a b l e ,  even though they a r e  g r e a t e r  a t  20 KHz 
than at  400 Hz. Once aga in  one no tes  a l s o  t h a t  t h e  l o a d  t r a n s i e n t  
m a x i m a  a r e  nctt v e r y  sens i  t i  t i v e  tct t he  s o l a r  c e l  1 o p e r a t i n g  
p o i n t s ,  i .e., t he  r e s u l t s  f o r  80% and 100% r u n s  on o the rw ise  
i d e n t i c a l  parameter va lues  do no t  d i f f e r  markedly .  
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TABLE 1 .  

I) 

e 

0 

t = O  S o l u t i o n s  f o r  80% o f  Maximum Power and Thermal Ions 

. 5  .5 

1 .5  

1 .2  . 5  

05 1 

1 1 

1 .2  1 

05 1 .2  

1 1 .2  

1 . 2  1 . 2  

2.4% 

0 .7% 

0 .43% 

2 9% 

7. 9% 

5% 

50% 

16.3% 

10.3% 

Io = 50 amps 
T = 10 microseconds 

K = 5  
c p  = 10 p f  

65664W 

65665W 

65665W 

66578W 

67248W 

6735OW 

67685W 

71 721W 

72590W 

42W 

43w 

43. SW 

i27aw 

21 P6W 

2336W 

2800W 

a647w 

SY97W 

-7 .3  

-7.3 

-7 .3  

-7.4 

-8 

-8 

-7 .8  

-9 

-10 



e 

TABLE 2.  

t=O Solutions f o r  80% of Maximum Power and Ram I o n s  ( 5 e u )  

0 

Q 

a 

0 

a 

. 5  . 5  4 .1% 

1 .5  1 .2% 

1 . 2  . 5  0 . 7 %  

. 5  1 14.6% 

1 1 3.9% 

1.2 1 2.5% 

. 5  1 . 2  2 2% 

1 1 .2  6% 

1 . 2  1 .2  3 .  Y% 

Io = 50 amps 
T = 10 microseconds 

K = 5  
cp = 10 p f  

65687W 

65690W 

656PQW 

65988W 

66087W 

66101W 

66290W 

66642W 

66694W 

74w 

77w 

78W 

478W 

61 3W 

630W 

887W 

1365W 

1436W 

-7 

-7.6 

-7.5 

-7.4 

-7.4 

-8 

-7 .3  

-7.6 

-8 



8 

e 

TABLE 3. 

e 

t=0 Solutions f o r  100% o f  Maximum Power and Thermal Ions 

. 5  . 5  

1 .5  

1 . 2  . 5  

.5  1 

1 1 

1 .2  1 

. 5  1 .2  

1 1 .2 

1 .2  1 . 2  

2 .  65% 

0.8% 

0.46% 

2 8% 

7.9% 

5.1% 

48.3% 

16.1% 

10.3% 

Io = 50 amps 
T = 10 microseconds 
cp = 10 p f  
K = 5  

82045W 

82045W 

82045W 

820 13W 

835’47W 

815’33W 

81 858W 

80255W 

79628W 

35w 

3 6W 

3dW 

1016W 

165’2W 

1796W 

2205W 

6027W 

6789W 

-22 

-22 

-22 

-21 

-20 

-20 

-20 

-18 

-19 

20 

20 

20 

20  

- 1  0 

10 

10 

0 

0 



TABLE 4. 

t=0 Solutions for 100% of Maximum Power and Ram I o n s  (5eu) 

. 5  . 5  4% 

1 .5  1.2% 

1.2 .5  0.8% 

.5  1 14% 

1 1 3.9% m 

1.2 1 2.6% 

. 5  1.2 21% 

1 1.2 6% 8 

1.2 1.2 3. PA 

82045W 

82045W 

82045W 

82042W 

82040W 

82040W 

820 32W 

820 14W 

820 1 ow 

62W 

64W 

6% 

380W 

480W 

493w 

694W 

1039W 

1 OPOW 

-22 

-23 

-22 

-22 

-21 

-22 

-21 

-21 

-21 

20 

20 

20 

20 

20 

20 

20 

10 

2 0 

Io = 50 amps 
T = 10 microseconds 

K = 5  

a 

c p  = 10 p f  

a 


